As well known, solidification cracking happens when the high temperature strain exceeds the ductility of weld metal within 
However, regarding the calculation of the accurate weld strain during the solidification temperature range of the weld metal, it is necessary to obtain material properties at the elevated temperature up to solidus temperature.
In this paper, by using the U-type hot cracking test with insitu observation, the high temperature ductility curve, based on the critical strain at the location where solidification crack occurred, was accurately achieved. The 3D FEM analysis was carried out to calculate the high temperature strain by using the mechanical properties at the elevated temperature up to solidus temperature, which was measured by a developed high temperature tensile test with in-situ observation. Consequently, it became possible to predict the occurrence of solidification cracking by using both of the detailed high temperature ductility curve measured experimentally and the strain history obtained by the numerical simulation.
Procedure of experiment and simulation

U-type hot cracking test with in-situ observation
Austenite stainless steel SUS347 was used; the chemical composition was shown in Table 1 . Figure 1 shows the setup of U-type hot cracking test with in-situ observation. A 3kW fiber laser was used to perform welding of the SUS347 specimen with size of 100 30 3 (mm). Table 2 shows the laser welding conditions. The specimen was fixed into a U-type hot cracking tester 8, 9) . With adjusting the deflection of two restrain beams (d), This study is purposed to develop a systematic method for prediction of solidification cracking during laser welding by accurately obtaining the high temperature ductility and weld strain of weld metal. The U-type hot cracking test was carried out under various initial loads; solidification cracking behavior was in-situ observed by a high speed camera so that the critical strain, for the initiation of solidification crack, was measured precisely. With the critical strain and temperature history measured at the solidification crack, the high temperature ductility curve was achieved. Meanwhile, a three dimensional FEM-analysis was performed to obtain the detailed strain history at the crack initiation point during laser welding. In order to get the accurate strain history, it is necessary to obtain the accurate material properties of weld metal at the elevated temperature up to solidification temperature range. The FEM-analysis was carried out by using the obtained high temperature material properties, which were measured by a developed high temperature tensile test with in-situ observation. Therefore, it became possible to predict the occurrence of solidification cracking during laser welding accurately by using both of the detailed high temperature ductility curve measured experimentally and the strain history obtained by the 3D FEM-analysis. University, Japan ***Member, Graduate school of Engineering, Hiroshima University, Japan ****Member, Japan Aerospace Exploration Agency, Japan Table 1 Chemical composition of SUS347 used (mass %) different tensile load (F) was applied to the specimen. The stiffness of the U-type tester was measured as F(kN)=5.8 d(mm).
The solidification cracking behavior was observed just behind the molten pool by using a high-speed camera with a macro lens. A metal halide lamp was used for lightening. The shooting speed was 500fps. With locating the focus of the camera near the trailing edge of the molten pool, the critical strain of solidification cracking was measured as Fig. 2 shows.
It can be seen that the solidification crack is observed distinctively behind the well-defined trailing edge of the weld pool in Fig. 2 (a) . When the initiation of solidification crack is captured in the movie (t=t 1 ), two reference points with a distance L1 across the initiation spot is picked up along the tensile direction as shown in Fig. 2 (b) . Then, by rewinding the movie to the moment (t=t 0 ) when the reference points cross the end of the weld pool, the distance of the two reference was measured as L 0 .
The movement of the two reference points is trailed dynamically.
By comparing L 1 and L 0 , the critical strain is obtained as Equation (1) shows. The initial distance L 0 was about 1mm.
High temperature tensile test with in-situ observation
A developed high temperature tensile test was used to obtain material properties at the elevated temperature up to the solidus temperature. The specimen was mounted in a tensile tester and was heated up by a high frequency induction heating device. The tensile rate was 30mm/min. The tensile temperature was from room temperature to as high as 1300 . When the tensile temperature was increased over 1300 , the tensile specimen broke rapidly in tensile test, and it was difficult to obtain a stable stress-strain curve due to the very small tensile strength. The true stress-strain curve was obtained by recording the change of length of two reference points and the edge of cross section of specimens by a high speed camera. Figure 3 shows the illustration of the measurement for true stress and true strain.
Simulation model of 3D FEM analysis
The 3D FEM model shown in 4) . That is to say, when temperature was above the coherent temperature, the weld metal showed the characteristic of liquid metal and only a minimum force can be borne. The coherent temperature of SUS347 material was set to the temperature (1442 ) at which solid fraction was 50%. It was calculated by using the thermodynamics software JMatPro based on Scheil -Guliver solidification model.
Results and discussion
Achievement of high temperature ductility curve
With the applied external tensile load, solidification cracking happened in the U-type hot cracking test. The crack was initiated at the centerline of weld bead and changed from a small crack to a fracture according to different initial loads. As Fig. 5 shows, no crack was observed with initial load less than 5.4kN. When the initial load was increased more than 8.9kN, solidification cracking began happening. With the tensile load of 11.0kN, the crack developed into a fracture of specimen. Figure 6 shows the high temperature ductility curve of the used specimen. Firstly, various critical strains were obtained by using different initial loads in U-type hot cracking test according to the measurement method shown in Fig. 2 . Then, the temperature history at the trailing edge was measured by inserting thermocouples into the molten pool, and the relationship between critical strain and temperature was obtained. It can be seen that the critical strains were obtained in a wide temperature range in Fig. 6 . Finally, the high temperature ductility curve was achieved by connecting the obtained critical strains. The temperature line of the liquidus T L (1469 C) was measured by thermal analysis.
The line of solidus temperature T S was defined as the lowest temperature at which the crack occurred in the U-type hot cracking test. The T L -T S was supposed to be shorter than BTR more or less. Figure 7 shows some fracture surfaces under SEM observation at different tensile temperature in the tensile test. From room temperature to 800 , the fracture surface shows a ductile fracture with obvious dimples. At 1200 , a smooth fracture surface is found and some parts in the surface shows the characteristic of local melting. When the tensile temperature comes to 1300 , the solidified dendrites are clearly observed at the fracture surface, which means the specimens had been partly molten. According to these results, it can be confirmed that the temperature of the tensile test is obtained as high as that over the solidus of used specimens.
Achievement of high temperature material properties
According to the measurement method shown in Fig. 3 , the true stress-strain curves from room temperature to 1300 were obtained and were shown in Fig. 8 . It can be seen that all the stress-strain curves stays stable at different tensile temperature.
The starting linear portion of the curve is the elastic region and the slope is Young's modulus (E). By drawing a line parallel to the linear elastic portion of the curve and intersecting the abscissa at 0.2%, the yield point was obtained as the 0.2% proof stress (YS).
Then, the average gradient of the true stress-strain curve is calculated during the range when the strain was bellow 5%, which is used as the working hardening coefficient (WH) 10) . Figure 9 shows the obtained properties of SUS347 at different temperature. It can be seen that the strength drops down quickly with increasing the tensile temperature near to the solidification temperature. At 1300 the properties falls down like (E=4.5GPa, YS=12MPa, WH=1.2MPa). Thus, this significant change of properties must be considered in the calculation of high temperature strain. In our strain analysis, the material properties less than 1300 were used with the measurement values; the properties were set as a low value (E=1GPa, YS=1MPa, WH=1MPa) when the temperature was over the melting point considering the liquid metal can only bear a minimum mechanical force; the linear interpolated values were used between 1300 and the melting point.
Prediction of solidification cracking
With the thermal conduction analysis, the temperature history was calculated out under the welding conditions in Table 2 . The right part in Fig.10 (a) shows the calculated fusion zone in the cross section with temperature over the melting point (1469 ).
The dash line indicates the practical penetration shape observed after the welding. It can be found that the fusion line in calculation is in a good agreement with the experimental result and the unique bead shape of laser welding was digitally reproduced. Therefore, the occurrence of solidification cracking can be predicted by comparing the high temperature strain shown in Fig.11 (b) with the high temperature ductility shown in Fig. 6 . Figure 12 shows the calculated high temperature stain and the obtained high temperature ductility curve. It can be seen that the strain increases with increasing in the initial load, and it begins to cross the high temperature ductility curve when the initial load exceeds 8.9kN, which means that solidification cracking is much possible to occur due to the high strain rate. According to Fig. 5,  it can also be found that the solidification cracking did begin happening when the initial load was more than 8.9kN in the Utype hot cracking test. The occurrence of solidification cracking was well predicted.
Conclusions
In this research, a systematic method for prediction of solidification cracking in laser welded joints was developed.
(1) By using U-type hot cracking test with in-situ observation, the critical strain for initiation of solidification cracking was measured at the local position where solidification cracking happens. The high temperature ductility curve was achieved based on the measured critical strains and temperature history near the crack.
(2) By using high temperature tensile test with in-situ observation, the material properties of used specimens was obtained at elevated temperature up to the solidification temperature range, which supplied the necessary date for performing an accurate FEM analysis.
(3) The 3D FEM analysis was carried out with the obtained material properties. By comparing the calculated strain with the obtained high temperature ductility curve, the occurrence of solidification cracking was well predicted.
